Water oxidation is a rate-determining step in solar driven H 2 fuel synthesis and is technically challenging to promote. Despite decades of effort, only a few inorganic catalysts are effective and even fewer are effective under visible light. Recently, attention has been paid to synthetic semiconducting polymers, mainly on graphitic C 3 N 4 , with encouraging hydrogen evolution performance but lower activity for water oxidation. Here, a highly ordered covalent triazine-based framework, CTF-1 (C 8 N 2 H 4 ), is synthesised by a very mild microwave-assisted polymerisation approach. It demonstrates extremely high activity for oxygen evolution under visible light irradiation, leading to an apparent quantum efficiency (AQE) of nearly 4% at 420 nm. Furthermore, the polymer can also efficiently evolve H 2 from water. A high AQE of 6% at 420 nm for H 2 production has also been achieved. The polymer holds great potential for overall water splitting. This exceptional performance is attributed to its well-defined and ordered structure, low carbonisation, and superior band positions.
Introduction
Solar driven catalysis for clean chemical fuels, such as hydrogen, is highly promising to mitigate environmental issues caused by the combustion of fossil fuels and to meet increasing worldwide demands for energy. 1, 2 Since the discovery of water splitting by Fujishima and Honda on an n-type TiO 2 electrode in 1972, 3 water splitting by inorganic materials has gained the vast majority of attention. However, only a few inorganic semiconductors, such as GaN:ZnO 4 and InNiTaO 4 , 5 possess suitable band positions to drive both hydrogen and oxygen evolution from pure water under visible light irradiation.
Due to the diverse molecular structures and tunable band positions, polymer photocatalysts are highly advantageous for solar H 2 production from water. 6 Furthermore, polymers are usually composed of abundant carbon, nitrogen and oxygen elements, which are economically more attractive than the reported metal-oxide photocatalysts. Recently, Zhang et al. reported overall water splitting achieved by modified g-C 3 N 4 although with a relatively moderate efficiency due to the large bandgap of g-C 3 N 4 . 7, 8 Compared with the above single photocatalyst for pure water splitting, a Z-scheme composed of two photocatalysts responsible for two half reactions promises 10% higher solar-to-fuel conversion efficiency. [9] [10] [11] [12] [13] Therefore, substantial efforts have recently been channeled into searching for efficient polymer photocatalysts for either proton reduction or water oxidation in an attempt to construct an efficient Z-scheme system. Therein, water oxidation has been widely accepted as the rate-determining step in water splitting, and thus it is more challenging and important than proton production. 14, 15 Metal-oxide photocatalysts have been widely studied in water oxidation, such as BiVO 4 , which shows very promising activity, though there is a concern about the heavy metal Bi used and difficulty in changing its band positions. 6, 8, 16, 17 For polymer based photocatalysts, up to now, there are many reports about proton reduction by either g-C 3 N 4 or g-C 3 N 4 doped by oxygen, boron, phosphorus, etc. 6, 9, [18] [19] [20] [21] For example, Wang et al. reported that graphitic carbon nitride presents great potential for photocatalytic proton reduction in 2009 and platinum decorated g-C 3 N 4 shows ca. 10 mmol h À1 hydrogen evolution rate under visible light irradiation. 6 Martin et al. further enhanced the degree of polymerisation of g-C 3 N 4 and gained a much higher quantum efficiency of 26.5% at 400 nm for proton reduction. 18 Later, the light absorbance of this polymer was extended to 800 nm by controlling the linker of carbon nitride and it generated H 2 by light irradiation from the ultraviolet to near infrared regions. 9 This progress in polymer photocatalysts for proton reduction has played a crucial role to stimulate research interest in polymer photocatalysts. However, the most challenging step, water oxidation, in water splitting has met with little success in polymer photocatalysis. Wang et al. 6 first achieved polymer-based photocatalytic water oxidation by RuO 2 loaded g-C 3 N 4 and gained an evolution rate of ca. 1 mmol h À1 under visible light irradiation. After that, the same group further enhanced the activity by modifying g-C 3 N 4 , such as sulfur doping, 22 molecular cobalt decoration 23 and layered Co(OH) 2 deposition, 24 and gained an O 2 evolution rate of 3 mmol h À1 , 11 mmol h À1 and 26 mmol h À1 under visible light irradiation, respectively. Based on our knowledge, only Chu et al. have reported an apparent quantum yield (AQY) for polymer-based water oxidation of 0.2% (at 420 nm), which was achieved by a heptazine-based polymer, polyimide (PI). 25 As by only addressing both water oxidation and proton reduction by polymerbased photocatalysts, one can construct a low cost and an efficient Z-scheme for entire water splitting, herein, this study concentrates on water oxidation following the previous success on proton reduction.
The water oxidation potential of a polymer photocatalyst is determined by its valence band position, which is dominated by the N 2p orbitals for triazine-based units, e.g. g-C 3 N 4 . [26] [27] [28] [29] However, g-C 3 N 4 shows a rather low activity for water oxidation due to its high valence band position. 6, 9, 18 Controlling the ratio of N to C in such a polymer photocatalyst would induce both a band gap change and band position shift. Only a few reports have considered the N to C ratio by introducing nitrogen vacancies. [30] [31] [32] However, most of those cannot lower the valence band of g-C 3 N 4 , because the N replacements are mostly on the linker, -NH x groups, mainly contributing to the n-p* transitions, which are far less active than the p-p* transitions of N in the heptazine units. 9, 33, 34 A covalent triazine-based framework (CTF-1) is composed of alternating triazine units and phenyl groups in a 12-membered conjugated ring system, as shown in Fig. 1a . Thus, it is totally different from the recently studied g-C 3 N 4 , which is composed of heptazine units. CTF-1 also possesses an N to C ratio of 1 : 4, very different from the 4 : 3 ratio of g-C 3 N 4 . Jiang et al. have predicted that the valence band position of CTF-1 is located at ca. 2.0 eV (vs. the Neutral Hydrogen Electrode (NHE), at pH = 0) based on first principles calculations. 35 Moreover, from a structural point of view, most of the reported carbon nitrides hold additional -NH x compared to the ideal graphitic carbon nitride and were suggested to be reasonably named as poly(aminoimino) heptazine or polymeric carbon nitride (PCN) in a critical review. 36 These additional functional groups often cause defects and distortions to generate charge recombination centres. 34, 37 Herein, based on the different polymerisation strategies for the triazine-based polymer synthesis, the degree of conjugation has been investigated on CTF-1. The ordered in-plane structure has been controlled by a rapid while moderate microwave method to demonstrate the useful correlation between the degree of conjugation, carbonisation and photocatalytic activity for water splitting, which has not been investigated before. We have further identified that the novel polymer photocatalyst is far more active than g-C 3 N 4 for both proton reduction and, in particular, water oxidation under visible light.
Experimental

Material preparation
Covalent triazine-based frameworks (CTF-1) were fabricated by modified microwave chemistry. 38 Briefly, in each typical experiment, 2 ml trifluoromethanesulfonic acid (Sigma-Aldrich, Z99%) was added drop-wise to 0.4 g terephthalonitrile (Sigma-Aldrich, 98%) in a 10 ml glass reaction vessel (CEM, Discover and Explorer SP Vessels). A PTFE coated stirrer was added and sealed with a pressure control cap (CEM, ActiVent Pressure Control Technology). The mixture was pre-stirred at room temperature until terephthalonitrile was dissolved and a viscous red solution was obtained. Then the solution was subjected to a single-mode microwave irradiation at 20, 50, 100 or 200 W for 30 seconds, respectively. The safety temperature was set at 200 1C and the safety pressure was set at 200 psi (the time-on-line temperate and pressure profile are shown in Fig. S1 and S2, ESI, † respectively), which resulted in the formation of a dark yellow solid, named as CTF-1-20W, CTF-1-50W, CTF-1-100W and CTF-1-200W, respectively. The solid was ground carefully into powder and washed with 1 M ammonia solution, water, ethanol, acetone and THF, each of 50 ml, respectively, and dried in a vacuum oven at 180 1C to remove residual solvent and excess trifluoromethanesulfonic acid. The yield of this reaction was over 95%. In order to enhance the charge separation during water oxidation reactions, RuO x were loaded onto CTF-1s by a highly reproducible impregnation method. In each typical experiment, 6 mg RuCl 3 (Sigma-Aldrich, Ru content 50%) was dissolved in 2 ml methanol. Then, the solvent was added dropwisely into 100 mg CTF-1s to make a slurry. The mixture was evaporated at 50 1C with magnetic stirring (600 rpm) for 3 hours, then ground to a fine powder and calcined in a muffle furnace at 350 1C (ramping rate 5 1C min À1 ). Finally, the powder was washed by deionised water 3 times and then used for photocatalytic activity tests and physical characterisation.
Material characterisation
Powder X-ray diffraction (PXRD) measurements were obtained using a SAXSLAB Ganesha 300XL small angle X-ray scattering (SAXS) system in wide angle X-ray scattering mode with a range from 2y = 21-401 (wavelength 0.154 nm, Cu-Ka radiation). ATR-FTIR spectroscopy was performed using a Perkin-Elmer 1605 FT-IR spectrometer in ATR mode with a range from 400-4000 cm À1 . 13 C cross-polarisation magic angle spinning (CPMAS) solid-state nuclear magnetic resonance (ssNMR) spectra were collected at ambient temperature on a BRUKER Advance 300 WB spectrometer (Bruker UK Ltd) with a 4 mm magic-angle spinning probe. X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific XPS K-alpha machine using monochromatic Al-Ka radiation. Survey scans were collected in the range of 0-1100 eV (binding energy) at a pass energy of 160 eV. Higher resolution scans were recorded for the main core lines at a pass energy of 20 eV. The analysis was performed on Casa XPS software. Specific surface areas were measured using the BET method with N 2 absorption and the data were collected using a Micromeritics TriStar 3000 gas adsorption analyser. UV-Vis absorption spectra were obtained on a Shimadzu UV-Vis 2550 spectrophotometer fitted with an integrating sphere. Reflectance measurements were performed on powdered samples, using a standard barium sulphate powder as a reference. The reflection measurements were converted to absorption spectra using the Kubelka-Mulk transformation. Raman spectra were measured on a Renishaw InVia Raman Microscope, using a 325 nm excitation laser, between 100 and 3500 cm À1 . The Mott-Schottky curves were measured at a certain DC potential range with an AC amplitude of 5 mV and a frequency of 500, 1000 and 2000 Hz under dark conditions in a conventional three-electrode cell using an electrochemical analyser (IVIUM Technologies).
Photocatalytic analysis
The oxygen evolution half reaction was conducted in a 500 ml custom batch reactor with a top quartz window for light irradiation. Typically, a sample of 50 mg was dispersed in 200 ml of a 0.2 M aqueous AgNO 3 solution (as the sacrificial electron scavenger). After ultra-sonication for 30 minutes, the reactor was sealed and purged with argon for 30 minutes and then irradiated under a 300 W Xeon lamp with a 420 nm long pass filter (Comar Optics 420 GY 50). Gas measurements were taken at regular intervals from the reactor headspace. The gas concentration was measured by GC (Varian 430-GC, TCD, argon carrier gas; BOC 99.999%) equipped with a molecular 5A column.
The hydrogen evolution half reaction was carried out in a 500 ml custom-made batch reactor cell with a top quartz window for light irradiation. Typically, 50 mg of CTF-1 was first suspended and subsequently sonicated in a water/scavenger/ dispersant mixture (230 ml total volume; consisting of 200 ml DI water, 23 ml triethanolamine (TEOA) and 7 ml methanol). In order to introduce Pt onto CTF-1, 0.56 g chloroplatinic acid hydrate (H 2 PtCl 6 ÁxH 2 O) (Sigma-Aldrich, 37% Pt) was added to the mixture, which would generate about 3% Pt on the polymer. After ultrasonication for 30 minutes, the reactor was sealed and purged with argon (BOC 99.999%) for 30 minutes and irradiated for one hour under full arc irradiation using a 300 W Xenon lamp with stirring. Gas concentration analysis was performed by a GC to monitor the photo-deposition progress of Pt. The reactor was then purged a second time to conduct H 2 evolution runs. For visible light irradiation, a 420 nm long-pass filter was used (Comar Optics 420 GY 50).
The apparent quantum efficiency (AQE) was measured by inserting an appropriate band pass filter (400, 420, 500, 600 nm, l AE 10 nm at 10% of peak height, Comar Optics) in front of a 150 W Xe lamp. For these tests, 50 mg of photocatalyst was used. The light intensity was measured at 5 different points to obtain an average intensity using a calibrated photodiode coupled with an optical power meter (Newport, Model 1908-R). The average intensities at each wavelength are 111 mW cm À1 (400 nm), 119 mW cm À1 (420 nm), 311 mW cm À1 (500 nm) and 276 mW cm À1 (600 nm). The apparent quantum efficiency was calculated using the following formula: 16 AQE ð%Þ ¼ a Â amount of gas molecules evolved Total photons incident Â 100%
where a = 2 for the H 2 evolution reaction and a = 4 for the O 2 evolution reaction.
Computational simulations
The electronic and optical properties of the covalent triazine framework CTF-1 were investigated using periodic Density Functional Theory (DFT), using the VASPcode. 39 A plane wave cutoff of 520 eV was used, with the projector augmented wave methods used to treat the core electrons. 40 The GGA functional was used for structural optimisation and thermodynamic calculation. van der Waals interactions were included by using the DFT-D2 method of Grimme et al. 41 All atoms were fully relaxed until the change in force upon ionic displacement was less than 0.01 eV Å À1 , with the change in energies no greater than 10 À5 eV. The crystal structure of CTF-1 was generated using an AA stacking motif with lattice parameters obtained using the same methodology as above. The lowest energy vibrationally stable structure was found to have space group C i , with lattice parameters a = 3.689 Å, b = 13.672 Å, and c = 14.304 Å with a = 117.31, b = 93.41 and g = 96.61. The triazine-benzene sheets are tilted in this cell with respect to
Energy & Environmental Science Paper the bc-plane, however, the intrasheet lattice vector is 14.566 Å, which is in excellent agreement with the experiment. A Monkhorst-Pack k-point mesh of (7 Â 7 Â 3) was used for the g-C 3 N 4 bulk system, whereas for the CTF-1 bulk system a k-point mesh of (3 Â 3 Â 2) k-points was used. In order to accurately align the KS eigenvalues for both systems, we performed single sheet calculations of the ground state structure with a vacuum gap of a 20 Å. A (1 Â 1 Â 1) supercell was used for the CTF-1 sheet. As a large vacuum spacing is used the planar averaged electrostatic potential converges to a constant value far from the surface. These converged values may be taken as the reference level with which the Kohn-Sham (KS) eigenvalues are aligned. 42 The NHE is taken to be at À4.44 eV. The photoelectrochemical efficiency is exquisitely dependent on the position of the band edges, therefore, we used a hybrid functional for the band alignment calculations, specifically a modified version of the HSE06 functional. 43 
Results and discussion
Firstly, we modelled the band positions of the CTF-1 polymer to understand if it has appropriate potential for water oxidation and proton reduction. Fig. 1b presents the estimated band edge alignments of single sheet CTF-1, based on first principles calculations. The simulated conduction band of CTF-1 lies at À0.74 eV (vs. NHE, at pH = 0) and a valence band at +2.18 eV (vs. NHE, at pH = 0). Compared with the redox potential of proton reduction (at 0 eV vs. NHE at pH = 0) and water oxidation (at +1.23 eV vs. NHE at pH = 0), it thus has enough driving force for both water oxidation and proton reduction. More importantly, the simulated valence band position of CTF-1 is ca. 0.6 eV deeper than the widely researched polymer photocatalyst, g-C 3 N 4 . 7, 18 It is thus predicted to have a larger driving force for the water oxidation process than g-C 3 N 4 , indicating a more efficient photocatalytic activity for oxygen generation. The CTF-1 polymers were then prepared by the single mode microwave assisted approach at different powers (20-200 W) . The molecular structures were first confirmed by X-ray photoelectron spectroscopy (XPS) and elemental analysis (EA). As shown in Fig. 2a , the XPS carbon 1s peaks are found at ca. 286 eV and the small peaks at 400 eV are assigned to nitrogen 1s. 9 The XPS survey spectra show that there are almost no other impurity elements remaining from the precursors such as, fluorine, oxygen and sulphur. However, the carbon peaks in the XPS spectra are larger than the ideal carbon concentration due to the adventitious carbon used for calibration. 44 Thus, EA measurements were used to further prove the elemental ingredients. As shown in Fig. 2b , CTF-1-20W, -50W and -100W have a carbon : nitrogen : hydrogen ratio of ca. 75 : 21 : 3.7 wt%, which is comparable to the ideal ratio (75.0 : 21.9 : 3.1 wt%). Hence, there is barely any additional ''free'' residual carbon in these three samples. Upon increasing the microwave power to 200 W, the C : N : H ratio changes to 78.5 : 18.3 : 3.2 wt%, which indicated the carbonisation process during high microwave power irradiation. Fourier transform infrared spectroscopy (FTIR) and solid state nuclear magnetic resonance (ssNMR) further confirm the chemical state of the carbon and nitrogen elements. As shown in Fig. 2c , all the synthesised CTFs shows similar FTIR spectra. Two strong absorption bands at 1501 cm À1 and 1345 cm À1 are associated with the triazine ring. 45, 46 The peaks at 1500-1480 cm À1 and 1600-1590 cm À1 can be assigned to the phenyl groups, whilst the stretching modes of the terminal CRN group result in small peaks at 2226 cm À1 . 45, 46 Increasing the microwave power from 20 W to 200 W significantly decreases the terminal CRN groups, which is associated with the higher degree of polymerisation. 45 Fig. S3 (ESI †) presents the full spectra of FT-IR; two more peaks at 810 and 1011 cm À1 are associated with the aromatic C-H out-of plane bending vibration and the aromatic C-H bending vibration, respectively. 45 Solid-state 13 C NMR spectra ( Fig. 2d ) also confirmed the successful synthesis of the conjugated triazine rings. The carbon atoms in the triazine units correspond to the signal at 170 ppm. 45 The peaks at 139 ppm are assigned to the carbon atom directly connected to the triazine ring. 45 The strongest peaks at 129 ppm represent the aromatic ring. 45 The weakest peaks at 116 ppm are characteristic of the two types of carbon atom in the terminating groups, 45 which shows that the concentration of terminals decreases on increasing the microwave power. Therefore, both FTIR and NMR represent that all the CTF-1 samples are composed of triazine and benzene units while higher microwave power results in a higher degree of polymerisation. Even for the lowest power sample (CTF-1-20W), it only has a tiny response of terminal nitrile groups, indicating a good polymerisation. 45 The degree of conjugation of CTF-1 has been investigated by Raman, XRD and HRTEM. Fig. 3a shows the Raman spectra of the series of CTF-1. The strongest G + peak at 1613 cm À1 is an indication of a well-ordered sp 2 planar structure. The G À peak and D peak at 1519 cm À1 and 1416 cm À1 relate to the distortion and carbon defects in each layer, respectively. 47 The G/D ratio is enhanced by higher microwave power from 20 W to 100 W. Thus, higher microwave power gives fewer defects. Meanwhile, CTF-1-100W and CTF-1-200W show the same high G/D ratio of 12 : 1. The smallest peaks at 980 cm À1 relate to the Raman effects of the terminate nitrile groups. 48 The powder X-ray Fig. 3b . The peaks assigned as [100] at ca. 71 are associated with the hexagonal unit cell (a = b = 13.524 Å). 38 The [100] peak intensity increases when the microwave power enhances from 20 W to 100 W. Thus, a higher microwave power induces a higher degree of crystallisation and a better ordered structure. However, CTF-1-200W presents a relatively lower intensity of the [100] peaks compared with CTF-1-100W. Hence, further higher microwave power can destroy the hexagonal units. The other obvious peak assigned as [001] in the PXRD patterns at ca. 261 represents the layer distance of the series of CTF-1. According to the Bragg's law, CTF-1-20W, CTF-1-50W and CTF-1-100W show a similar layer distance of ca. 3.4 Å. But, CTF-1-200W presents a larger layer distance of ca. 3.7 Å. Therefore, the highest microwave power can distort the crystallised structure by both breaking the hexagonal unit and extending the layer distance. The porosity of the materials has been studied by nitrogen adsorption and desorption experiments at 77K, as shown in Fig. 3c . CTF-1-200W exhibits a steep rise at a high relative pressure (P/P 0 B 1), indicating macrospores formed between highly aggregated particles, 49 consistent with the low surface area. 50, 51 Among all samples, CTF-1-100W has the highest ordered structure both in plane and interlayer. Therefore, the morphology of CTF-1-100W was observed by TEM as shown in Fig. 3d . It shows a clear multilayer structure with a lattice space of ca. 0.34 nm calculated from the TEM contrast intensity profile and the Fast Fourier Transforms (FFT), which is consistent with the [001] peak shown in the PXRD patterns. 52 The ability of the CTF-1 samples to evolve oxygen from water, as the focus of the study, was investigated using silver ions (from AgNO 3 ) as a sacrificial electron acceptor, which is widely used in this half reaction to fairly assess catalysts' activity. Fig. 4a shows the water oxidation ability of CTF-1-20W, -50W, -100W and -200W under visible light irradiation and the reference materials g-C 3 N 4 . RuO x as a widely used cocatalyst for water oxidation, was also utilised in this study. 50 mg 3 wt%RuO x /CTF-1-100W shows the highest oxygen evolution rate of ca.140 mmol g À1 h À1 under visible light irradiation (l Z 420 nm). Furthermore, such bare CTF-1-100W without any cocatalyst shows even 3 times higher activity than RuO x decorated g-C 3 N 4 (Fig. S4 , ESI †) and 20 times better when a RuO x cocatalyst was loaded on our new catalyst. This strongly indicates the promising potential of the new polymer for photocatalytic water oxidation under visible irradiation, which is owing to both the deeper valence band and narrower bandgap of CTF-1 than g-C 3 N 4 clearly, the degree of the polymers' crystallisation impacts their photocatalytic activity and a good correlation between the photocatalytic water oxidation activity and the degree of crystallisation has been observed. The stability of CTF-1-100W for prolonged O 2 evolution under visible light was investigated for 18 hours (composed of three 6 hour runs) and it was found that there was no obvious decrease in activity, which suggests that the material is quite stable (Fig. 4b) . The ruthenium species on the best sample RuO x /CTF-1-100W has been further investigated by XPS (as shown in Fig. S5, ESI †) . The ruthenium to oxygen ratio is ca. 1 : 1.85 and the ruthenium to nitrogen ratio is ca. 5.1%. The Ru 3d XPS spectrum (as shown in Fig. S6 , ESI †) indicates that the ruthenium species are RuO 2 . 53 Thus, 2.6 wt%RuO 2 nanoparticles have been loaded onto CTF-1-100W. According to the TEM image (as shown in Fig. S7 , ESI †), the RuO 2 particles are of 1 to 6 nm. The total amount of oxygen elements contained in the 2.6 wt%RuO 2 /CTF-1-100W was calculated by XPS as well. For 50 mg samples, the O elementary amount is lower than 40 mmol, thus even the first run produces two times more oxygen than that contained in the 2.6 wt%RuO 2 /CTF-1-100W photocatalyst and a total of three runs give six times more oxygen than that in the photocatalyst, proving that oxygen gas can only be generated from water. In order to further exclude that the O 2 gas was due to air leaking, N 2 was used as an inert standard. As shown in Fig. S8 (ESI †) , gas chromatography shows that N 2 remains almost stable and O 2 increases almost linearly.
The photocatalytic activity for hydrogen evolution on the best O 2 -evolution sample, CTF-1-100W was also tested to demonstrate the potential of the material for proton reduction. Pt has been utilised as the co-catalyst. According to the XPS spectrum (as shown in Fig. S9 and S10, ESI †), the platinum to nitrogen ratio is 0.68%, thus 2.01 wt%Pt has been loaded onto the CTF-1-100W. Most of the Pt species are Pt metal and have ca. 18% partial reduced Pt(II) and ca. 5% unreacted Pt(IV). 54 The TEM image (as shown in Fig. S11 , ESI †) of Pt/CTF-1-100W shows that the Pt particles are 1-5 nm and highly dispersed on CTF-1. The hydrogen evolution rate for 2.01 wt% Pt/CTF-1-100W under visible irradiation (l Z 420 nm) is 5500 mmol g À1 h À1 , which is 50 times higher than the widely used reference polymer photocatalyst 3 wt%Pt/g-C 3 N 4 , as shown in Fig. 5a . 6, 18 It also presents a near 3 times higher hydrogen evolution rate than the bench mark reported very recently under identical conditions. 55 More importantly, even without loading the widely used platinum co-catalyst onto CTF-1-100W, it can catalyse proton reduction, exhibiting a stable hydrogen evolution rate of 102 mmol g À1 h À1 under visible irradiation (l Z 420 nm), as shown in Fig. 5b . Furthermore, the polymer has been found to be stable after a 15 hour test.
To further prove the efficiency of our polymer for water oxidation and proton reduction, the apparent quantum efficiencies (AQE) of CTF-1-100W for both half reactions were measured using band-pass filters as shown in Fig. 6a and b . The AQE is ca. 4% for oxygen evolution at 400 nm and 3.8% at 420 nm. In parallel, for hydrogen evolution, the AQE is 6.3% at 400 nm and 6% at 420 nm, respectively. These are consistent with the optical absorption of the polymer and furthermore, both O 2 and H 2 evolution are observed up to 600 nm incident illumination. The control experiment of pure CTF-1 in water without light irradiation was carried out, which resulted in no O 2 or H 2 evolution, indicating that this is a light driven process. As the photocatalyst shows excellent activity for both half reactions, its potential for overall water splitting was also studied by using 3 wt%Pt and 3 wt%RuO x as co-catalysts without any sacrificial agent in pure water. During 6 hours of visible light irradiation, in total B5 mmol of H 2 and B7 mmol of O 2 were generated from pure water, which is not an ideal ratio likely due to the inappropriate reduction co-catalyst Pt used, which resulted in a competitive reaction between Pt 4+ reduction and proton reduction. However, the results proved that the new polymer has strong potential to be either an efficient proton reduction or water oxidation photocatalyst in a Z-scheme for water splitting, which is underway. To the best of our knowledge, the photocatalytic activity of CTF-1-100W shows much superior quantum efficiency for water oxidation to any reported carbon based or carbon-nitride based polymer photocatalyst, according to the recently published reviews. 21, 56 As shown in Table S1 (ESI †), the new polymer photocatalyst synthesised by our approach almost presents both the highest H 2 and O 2 evolution rates under visible light irradiation, 22, 45, [57] [58] [59] [60] [61] [62] which is attributed to the well-controlled crystallisation by tuning the microwave power and the avoidance of carbonisation.
The band structure of CTF-1 was experimentally confirmed by the UV-Vis spectra, valence band XPS and Mott-Schottky spectra as shown in Fig. 7 . According to the UV-Vis spectra as shown in Fig. 7a , CTF-1 has a band gap at ca. 2.48 eV, which is 0.49 eV narrower than that of g-C 3 N 4 , thus, CTF-1 can absorb more photo-energy from the visible region. The experimental result of the band gap is smaller than that predicted by DFT, due to the quantum effect of the single sheet used in the DFT calculation. Fig. 7b shows the valence band XPS of both g-C 3 N 4 and CTF-1. CTF-1 is more positive by 0.3 eV than g-C 3 N 4 . As the valence band of g-C 3 N 4 is reported at ca. +1.5 eV (vs. NHE, at pH = 0), 7,18 the top of the valence band of CTF-1 could be estimated at ca. +1.8 eV (vs. NHE, at pH = 0). The conduction band position of CTF-1 was further confirmed by the Mott-Schottky spectra of the electrode in neutral electrolyte. As shown in Fig. 7c , the conduction band bottom can be estimated to be very close to À0.7 eV (vs. NHE, at pH = 0) and the valence band position should be located at ca. +1.8 eV based on its band gap measured by UV-Vis spectra, which is consistent with the valence band measurement by XPS. Thus, the synthesised polymer has an appropriate band position to reduce protons (0 eV vs. NHE, at pH = 0). More importantly, as shown in Fig. 7d , CTF-1-100W shows ca. 0.3 eV deeper valence band position Fig. 5 Hydrogen production from water using 50 mg 3 wt%Pt on both CTF-1-100W and g-C 3 N 4 photocatalysts containing 3 vol% methanol as the dispersant and 10 vol% triethanolamine (TEOA) as a hole scavenger under visible light irradiation (l Z 420 nm) (a) and hydrogen production from water using 50 mg CTF-1-100W containing 3 vol% methanol as the dispersant and 10 vol% TEOA as a hole scavenger but without a cocatalyst under visible light irradiation (l Z 420 nm) (b). 
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than bulk g-C 3 N 4 and generates holes with stronger oxidisation potential than that in bulk g-C 3 N 4 . 62 Thus, higher efficiency water oxidation activity can be achieved by CTF-1, which is consistent with our DFT calculations. Photoluminescence (PL) spectroscopy was further undertaken by 325 nm laser excitation in order to study the charge recombination during light irradiation. As shown in Fig. 8a , CTF-1-20W showed the strongest charge recombination, followed by CTF-1-50W. However, the higher microwave power dramatically mitigates the charge recombination of CTF-1 photocatalysts. CTF-1-100W and CTF-1-200W show an order of magnitude smaller charge recombination than the lower power-produced samples, likely indicating a much better charge separation due to the better ordered structure as indicated in Fig. 3. Fig. 8b presents that CTF-1-100W shows much weaker charge recombination than the reference material g-C 3 N 4 , indicating a much better charge separation on CTF-1-100W than bulk g-C 3 N 4 under irradiation. 9, 52, 63 This is consistent with the highest photocatalytic activity in both water oxidation and proton reduction. Thus, a higher degree of polymer crystallisation shows less charge recombination, consistent with the higher photocatalytic activity.
The stability of CTF-1-100W under light irradiation during water splitting was already assessed by testing the material for O 2 and H 2 evolution over three cycles in three days ( Fig. 4b and 5a ). The overall activity is identical during the three runs. According to the post-test FTIR, XPS and Raman spectra (see Fig. S2 -S14, ESI †), there are no obvious changes to the material's structure after these reactions. Furthermore, the microwave conditions have been moderated to obtain the most ordered sample and low degree of carbonisation, both of which contribute to high activity of the best polymer. 50, 51 The BET specific surface area of the CTF-1-100W is around 1 m 2 g À1 , indicating that its activity can be further improved if the surface area could be improved.
Conclusions
In conclusion, we present an effective polymer, ordered CTF-1, to achieve proton reduction and more importantly, water oxidation. The CTF-1-100W sample, readily fabricated under very moderate conditions, shows a well-defined layered morphology. It exhibits an oxygen evolution rate of 140 mmol g À1 h À1 , 20 times higher than the reference polymer g-C 3 N 4 under visible light irradiation (l Z 420 nm), even with a rather low surface area of 1 m 2 g À1 . It also exhibits a hydrogen evolution rate of 5500 mmol g À1 h À1 , which is 50 times higher than that of g-C 3 N 4 . The photocatalytic activity enhancement is owing to the well-controlled degree of conjugation which gives better charge separation in an optimised more planar structure. More importantly, compared to the reference material, bulk g-C 3 N 4 , CTF-1 has a deeper valence band position and smaller bandgap, thus showing a stronger potential to oxidise water. We also confirm that the AQE is approximately 3.8% at 420 nm for oxygen production and 6% at 420 nm for hydrogen evolution. The structure of CTF-1 remained intact after 3-day runs of water splitting. Its potential for overall water splitting has also been indicated by a 6-hour test, although we targeted at a Z-scheme water splitting system. Our synthetic approach can be further applied to other polymer photocatalysts for efficient solar fuel synthesis by controlling crystallinity, carbonisation and ordering. In addition, this CTF-1 could also be used in other applications such as solar water treatment and organic solar cells.
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